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Introduction:  Mars has a long history of volcanic, 

aqueous and cryogenic processes. Interactions between 
lava and water or ice are expected, and many possible 
hydrovolcanic features have been reported [1-4]. The 
best-documented of these are rootless cones, formed 
when steam explodes through a lava flow and builds 
small cones on the flow surface [5]. Martian rootless 
cones were first proposed based on Viking imagery 
[e.g., 1,6]; higher resolution images have revealed bet-
ter candidates [4, 7-10]. An important question is 
whether sufficient steam pressure can build up under a 
flow due to simple conductive heating of groundwater 
or ground ice; the alternative is that mixing of liquid 
lava and water or mud is required, generating a molten 
fuel-coolant interaction (MFCI) [11, 12]. The signifi-
cance of this distinction is that ground ice on Mars is 
expected to lie beneath a lag of some thickness [e.g., 
13], so a MFCI would require some combination of 
lava erosion of the substrate, flow of liquid water, or 
extremely recent emplacement of water or ice. 

This is of special interest in Athabasca Valles, 
where rootless cones are found associated with an out-
flow channel coated by a thin layer of lava [9]. The 
lava flow was over 100 m thick at peak discharge and 
was fully turbulent, allowing the possibility that this 
300 km long channel system was carved by lava, not 
water [14]. Alternatively, the channel system could be 
ancient and the young lava flow is a much later event 
[15] or the rising magma may have triggered the water 
flood that carved Athabasca Valles just before lava 
emplacement. These alternative formation scenarios 
predict different modes of lava-water interaction: ero-
sion by lava allows for MFCI with deep ground ice; 
valley formation long before lava emplacement means 
that only atmospherically emplaced ground ice is 
available, though such ice is likely to be shallow if it 
occurs at all; and closely linked aqueous and lava 
floods allow for interaction with very shallow subsur-
face, or even surface, water. One of our major goals is 
to see if any of these models for Athabasca Valles can 
be eliminated due to the presence of rootless cones.   

Model:  We use two separate but coupled models 
to examine the accumulation of steam under lava 
flows. The first is a one-dimensional thermal model 
which is used to calculate the steam generation rate, 
and the second is a one-dimensional finite-difference 
model for gas transport through the porous lag follow-
ing Darcy’s Law.  

The thermal model is a finite-difference model 
somewhat similar to that of [3]. The top boundary of 
the model is the lava flow core, followed by a desic-
cated lag of varying thickness and then a layer of ice-
cemented regolith. There are multiple model layers in 
each material layer. To simplify the thermal model, we 
maintain the upper boundary of the model at 1070 °C 
(the crust boundary temperature of [16]) and add layers 
to the top over time to simulate the development of a 
lower crust rather than directly model the cooling and 
crystallization of the lava flow. The growth rate of this 
crust is parameterized to be one-tenth that of the upper 
crust growth rate determined by [16] for pahoehoe 
flows in Hawai’i. This can be improved in the future 
with a more complete numerical model for lava flow 
cooling similar to that of [17], but this model is ade-
quate to quantify the basic behavior of the system.  

Gas transport is modeled using Darcy’s Law with 
gas added uniformly to each cell at each timestep. The 
outer edge of the model is held at atmospheric pres-
sure, estimated at 800 Pa, and there is no flow across 
the flow center (assumed symmetric). The system is 
assumed to have uniform porous lag thickness, tem-
perature and permeability, and the pressure in each cell 
is assumed to be constant, with no vertical gradient. 

In order for steam pressure to generate an explo-
sion, the pressure must be high enough to overcome 
both the weight and the yield strength of the lava [8]. 
Lava flows 1-50 m thick with a bulk density of 2200 
kg m-3 exert an overburden pressure of 8x103 – 4x105 
Pa, while the effective strength of the lava is likely ≤ 
106 Pa [8]. We track the pressure buildup until it 
reaches 1.6x106 Pa.  

The standard model inputs considered are generally 
conservative. We assume a permeability of 10-11 m2, 
which is near the high end of a range of Martian soil 
analogs measured by [18], and a lava flow half-width 
of 500 m. For the shallower ice tables considered, the-
se parameters turn out to not be critical since explosive 
pressures are reached before the low pressures at the 
model edge can greatly affect the center.  

Results:  In general, we find that explosive pres-
sures are readily reached for ice table depths of a few 
decimeters to over a meter. The time to reach those 
pressures varies greatly with the ice table depth, both 
because more steam is needed to pressurize a thicker 
lag and because steam generation is slower and begins 
later for deeper ice. Pressure generally builds rapidly 
once steam generation begins.   
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Figure 1: Peak pressure during steam buildup as a 
function of time since lava emplacement for ice table 
depths of (left to right) 0.2, 0.4, 0.8, 1.6, 3.2, and 6.4 
m, assuming a permeability of 10-11 m2 and a lava flow 
half-width of 500 m.  
 

Discussion: These results demonstrate that it is 
possible to build up explosive pressures through pas-
sive heat conduction. This does not exclude the possi-
bility of MFCIs. However, they may not be required to 
initiate rootless eruptions. We note that some of the lag 
material may be entrained in the initial eruption, which 
could explain the observation of mixing of lava and 
sediments near the beginning of eruptions [12].  

After an initial explosion, it is likely that there will 
be a steep pressure gradient around the eruption site 
that will drive inward flow of both steam and water. 
This will facilitate the accumulation of steam for fur-
ther eruptions and could also lead to MFCIs as both 
fresh lava and water flow to the eruption site.  

For thin dry lags and thick lava flows, the energy 
stored by pressurized steam within the lag pore space 
may be inadequate to raise all of the overlying lava 
column above the lava surface. Such cases might only 
lead to the formation of spiracles.   

These results can also be compared with observa-
tions of Martian rootless cones. They are observed to 
occasionally form in rings, presumed to lie over the 
rims of buried craters, and smaller cones are observed 
on high topography where the lava flow was thinner 
[4, 9, 10]. Both of these are consistent with steam pres-
surization, since eruptions will preferentially occur 
where the lava overburden is thin, but may be less en-
ergetic precisely because lower pressures are required. 
Variations in lag thickness or permeability could also 
contribute to localization of eruptions.  

Rootless craters on the Athabasca Valles lava flow 
are inferred to have formed ~3-24 days after the devel-
opment of a stable crust on the flow [14]; this was like-
ly some time after the initial emplacement of the flow, 
but the overall eruption duration is thought to be a few 
months. This is comparable to the time at which explo-
sive pressures are reached for lava depths of 0.4-0.8 m 
for the conditions in Fig. 1.  

We have separated the thermal and gas-transport 
models for simplicity; however, this does lead us to 
omit some potentially relevant effects. We ignore the 
possibility of water movement beneath the lava flow, 
driven by gradients in steam pressure. Near the flow 
center the pressure gradient is low, so this can be ne-
glected. However, near the flow boundaries the gradi-
ent may be steep enough to force meltwater out from 
under the flow. We have also omitted the pressure de-
pendence of the water boiling point, because we do not 
track the gas pressure (which varies in space and time) 
in the thermal model. Instead, we have used the value 
for one bar at all times. The rise of the boiling point at 
higher pressures would reduce the steam generation 
rate but is unlikely to fundamentally change the results, 
only slow the time to reach peak pressures, except for 
cases that barely reach 1.6 MPa. However, the slopes 
of the pressure rise curves in Fig. 1 may be substantial-
ly less steep. Model runs with an elevated boiling point 
support this suggestion. Smoothing of the steam flux to 
remove effects from finite-differencing (similar to 
[17]) may also offset curves somewhat.  

Conclusions: Steam is able to build to explosive 
pressures under lava flows through passive heat con-
duction with an ice table at a depth up to a few meters, 
depending on the strength and thickness of the flow. 
This enables rootless cones to initiate without MFCIs, 
although such interactions are possible and may be 
more likely after an initial explosion. Eruptions due to 
steam buildup should preferentially occur near flow 
centers and over buried topographic highs. At this 
point we have not been able to eliminate any of the 
formation models for Athabasca Valles, but a more 
detailed comparison of the observations and model 
results is still needed.   
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